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NATIONAL AERONAUTICS AND SPACE fUMINISTRATION 

TECHNICAL NOTE D-1411 

ADDITIONAL STUDIES OF SCREEN AND ACCURATOR GRU>S 

FOR EZZCTRON-BOMBARDMIZ" I O N  THRUSTORS 

By W i l l i a m  R. Kerslake and Eugene V. Pawlik 

An inves t iga t ion  of accelerator-gr id  systems was  made with th ree  ion thrus-  
t o r s  having 5-, lo-, and 20-centimeter-diameter electron-bombardment ion sources. 
Mercury ion beams of 0.01 t o  0 . 7  ampere were generated at  net acce lera t ing  vo l t -  
ages of 600 t o  7000 vo l t s .  G r i d  geometry w a s  s tudied t o  determine t h e  e f f e c t  of 
hole shape, spacing, and g r id  thickness upon t h e  ion focusing of t h e  acce lera tor  
system and the  f r a c t i o n  of Child 's  l a w  current  passed. Geometric l i m i t s  f o r  ac- 
ceptable t h r u s t o r  performance values are discussed. 
were obtained t o  evaluate  acce lera tor  warping problems. Graphite gr ids  were 
t e s t e d  and found t o  be a so lu t ion  t o  these  problems f o r  laboratory t e s t ing .  
method of ca lcu la t ing  t h r u s t  from metered e l e c t r i c a l  parameters w a s  ve r i f i ed  with 
a pendulum-type thrust t a rge t .  

Grid temperature p r o f i l e s  

The 

INTRODUCTION 

The electron-bombardment ion th rus to r  described i n  references 1 and 2 i s  a 
mechanically simple and reliable device. 
reported i n  references 3 t o  8. I n  t h e  study described herein,  t h e  acce lera tor  
tests Qn a 10-centimeter-diameter t h rus to r  presented i n  reference 5 have been ex- 
tended. I n  t h e  preceding inves t iga t ion ,  a multihole p l a t e  acce lera tor  g r id  was 
found t o  have good accelerator'performance. That i s ,  it had a current  capaci ty  
near the Child 's  l a w  l i m i t ,  and it had low impingement. This gr id  a l s o  offered 
s t r u c t u r a l  advantages and gains i n  acce lera tor  perveance when compared with a 
wire gr id .  Limits of gr id  spacing and e l e c t r i c a l  breakdown were defined, and 
su i t ab le  g r id  materials were determined. 

Further work on t h i s  t h rus to r  has been 

I n  t h i s  repor t  t he  acce lera tor  hole  shape, s i ze ,  and spacing were inves t i -  
gated fu r the r .  A l i m i t  on t h e  screen thickness was establ ished.  Ef fec ts  of sim- 
ilar accelerator-gr id  configurations with d i f f e r e n t  t h rus to r  s i z e s  were a l s o  de- 
termined. The study was extended t o  5-, lo-, and 20-centimeter-diameter th rus-  
t o r s  whose g r i d  spacing was varied f'rom 0.079 t o  0.544 centimeter. The th rus to r s  
were operated a t  beam currents  ranging from 0.011 t o  0.700 ampere with most of 
t h e  data  recorded a t  0.125 ampere. The range of net acce lera t ing  voltages inves- 
t i g a t e d  w a s  600 t o  7000 v o l t s ,  which corresponds t o  a range i n  spec i f i c  impulse 
of 2400 t o  8400 seconds. 



The e f f e c t s  of thermal expansion and t h e  r e s u l t i n g  gr id  warpage were de te r -  
mined, and temperature p r o f i l e s  were obtained as a funct ion of time f o r  both t h e  
screen and t h e  acce lera tor .  Graphite gr ids  were s tudied as a possible  so lu t ion  
t o  thermal expansion problems. 

A pendulum-type, cone-shaped t h r u s t  t a r g e t  was placed i n  t h e  ion beam and 
v e r i f i e d  the  values of t h r u s t  calculated from the  e l e c t r i c a l l y  metered th rus to r  
output. 

APPARAmS 

The three s i zes  of ion th rus to r s  used i n  t h i s  experiment produced 5-, lo-, 
and 20-centimeter-diameter exhaust beams. A t y p i c a l  electron-bombardment ion 
th rus to r  is shown i n  a cutaway sketch i n  f igu re  1. The 10-centimeter source was 
i d e n t i c a l  t o  t h e  one used i n  t h e  previous acce lera tor  inves t iga t ion  (ref. 5) .  
The 5- and 20-centimeter sources were scaled from t h e  10-centimeter source and 
were geometrically s imi la r  (ref.  3) .  

During th rus to r  operation, mercury was vaporized i n  a steam-heated b o i l e r  
held approximately at a constant temperature. The propel lant  flow was control led 
by interchangeable sharp-edged o r i f i c e s .  The o r i f i c e s  used were t h e  same c a l i -  
brated o r i f i c e s  described i n  reference 5. 

Propellant vapor from t h e  bo i l e r  flowed i n t o  the ion iza t ion  chamber through 
a flow d i s t r i b u t o r .  
to-diameter r a t i o  of about 1. Athermionic e lec t ron  emitter, a hairpin-shaped 
tungsten wire,  was located on t h e  axis of t h e  chamber. An axial magnetic f i e l d  
increased t h e  p robab i l i t y  of c o l l i s i o n  between t h e  emitted e lec t rons  and the mer- 
cury propel lant  by preventing t h e  rap id  escape of t h e  e lec t rons  t o  t h e  anode. 
The electromagnet used was arranged as recommended i n  reference 4 t o  provide a 
tapered f i e l d  with a downstream- t o  upstream-strength r a t i o  of approximately 0.6 
through t h e  ion chamber. The downstream f i e l d  was measured a t  t h e  screen grid 
and t h e  upstream f i e l d  a t  t h e  center  of the d i s t r ibu to r .  

The ion chamber contained a c y l i n d r i c a l  anode with a length- 

During th rus to r  operation, t h e  e lec t ron  bombardment of t h e  mercury propel- 
l a n t  produced a plasma within t h e  ion  chamber. The e lec t rons  i n  t h i s  plasma 
were extracted at  t h e  anode, while t h e  majori ty  of t h e  ions t h a t  d i f fused  t o  t h e  
screen at  the  downstream end of t h e  chamber w e r e  accelerated t o  form t h e  ion 
beam. 

The acce lera t ing  system was composed of a p a i r  of grids, which are desig- 
nated t h e  screen and t h e  acce lera tor .  These two grids were a l ined  and e l e c t r i c -  
a l l y  insu la ted  by aluminum oxide spheres as shown i n  f igu re  1. The spacing be- 
tween t h e  grids was determined by t h e  s i z e  of the sphere used. 

Figure 2 and table I present d e t a i l s  of 1 2  g r id  s e t s  t h a t  were t e s t ed .  Grid 
alinement was obtained by match d r i l l i n g  t h e  holes. 
from i n i t i a l l y  f la t  p l a t e s  and were s t ra ightened and stress re l ieved  t o  e l iminate  
any warpage t h a t  occurred during machining. Some warping due t o  temperature gra- 
d i en t s  usua l ly  occurred during th rus to r  operation. 

The grids were fabr ica ted  
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The ion t h r u s t o r s  used i n  t h i s  experiment were mounted e i t h e r  i n  a b e l l  jar 
connected t o  a la rge  vacuum tank or, as i n  t h e  case of t h e  20-centimeter thrus-  
t o r ,  within t h e  vacuum tank i t se l f .  Only one t h r u s t o r  was  operated at  a time. 
The b e l l  jar was  t h e  preferable  locat ion f o r  ease of operat ional  changes. The 
tank locat ion was  used when a l a r g e r  operating space w a s  needed as with t h e  20- 
centimeter-diameter t h r u s t o r  and t h e  t h r u s t  t a r g e t  i n s t a l l a t i o n .  The be l l  jar 
w a s  20 inches i n  diameter and was connected by a 12-inch gate valve t o  a 5 - f O O t -  

diameter by 16-foot-long vacuum tank. 
diameter o i l  d i f fus ion  pumps. 
reference 9. 
mounted i n  each of t h e  two t e s t i n g  posi t ions.  
denser and t h r u s t  t a r g e t  a r e  a l s o  shown i n  t h i s  f igure .  The ion beam i n  a l l  
cases was  neutral ized by an electron-emitter wire s t rung across  t h e  exhaust beam 
about 25 centimeters downstream of t h e  thrus tor .  

The tank was  evacuated by t h r e e  32-inch- 
The vacuum f a c i l i t y  i s  described more f u l l y  i n  

Figure 3 shows a cutaway view of t h e  f a c i l i t y  with a t h r u s t o r  
The liquid-nitrogen-cooled con- 

The liquid-nitrogen-cooled surfaces  had an area of approximately 33 square 
meters, which, together  with t h e  d i f fus ion  pumps, enabled t h e  tank t o  be evacu- 
ated t o  2x10-6 t o r r  and t h e  b e l l  jar t o  1x10-5 t o r r  when t h e  t h r u s t o r s  were not 
operating. 
imately Z X ~ O - ~  t o r r .  
ca t ion  of t h r u s t o r  operation. 

With ion t h r u s t o r  operation i n  the  b e l l  jar, pressure rose  t o  approx- 
The tank pressure rose t o  about 5 ~ 1 0 - ~  t o r r  f o r  e i t h e r  l o -  

A pendulum-type t h r u s t  t a r g e t  was mounted i n  t h e  ion exhaust beam. Deta i l s  
of t h e  t a r g e t  and i t s  mounting are shown i n  f igure  4. A cone shape was chosen 
f o r  t h e  t a r g e t  so t h a t  most of t h e  sput tered and rebounding p a r t i c l e s  would be 
contained by t h e  t a r g e t ,  which would reduce any e r r o r  caused by t h e  momentum of 
t h e  sput tered p a r t i c l e s .  This shape was a l s o  chosen t o  provide s u f f i c i e n t  area 
f o r  rad ia t ion  cooling. The cone was constructed of 0.03-millimeter-thick s t a i n -  
l e s s  steel. The cone diameter w a s  25 centimeters, and t h e  length was 50 cent i -  
meters. The cone entrance was  located about 40 centimeters downstream of t h e  ac- 
ce le ra tor  gr id .  The t a r g e t  mass was 60 grams and was supported by four 0.013- 
centimeter-diameter tantalum wires. 
was passed through the  gap of a C-shaped permanent magnet t o  dampen o s c i l l a t i o n s .  
Thrust ta rge t  deflections were determined opt ical ly  with a cathetometer. 

An aluminum f i n  on t h e  bottom of t h e  t a r g e t  

PROCEDURE 

Prior  t o  and after each accelerator  test, t h e  assembled gr id  spacing was 
measured i n  f i v e  locat ions.  
t a b l e  11. 
desired vacuum conditions. 
l a n t  flow, and, a f t e r  a short  period of time ( 3  t o  5 min), t h e  system reached 
operating temperature. Voltages were then applied t o  the  thrus tor .  A schematic 
drawing of t h e  power supplies and t h e  t h r u s t o r  connections is  shown i n  fi,me 5. 
To i n i t i a t e  t h e  discharge, it was usual ly  necessary t o  r a i s e  t h e  discharge cham- 
ber voltage t o  about 70 v o l t s ,  but ,  during thrus tor  operation, t h e  discharge 
chamber voltage was  s e t  at  50 vol t s .  It has been found (ref. 10) t h a t  at  t h i s  
voltage difference doubly charged ions c o n s t i t u t e  5 percent or less of t h e  ion 
beam. 
a t i n g  voltage.  The screen, t h e  d i s t r i b u t o r ,  and t h e  filament were physical ly  

The average g r i d  separation values are presented i n  
The t h r u s t o r  was mounted i n  t h e  vacuum f a c i l i t y  and pumped down t o  t h e  

Steam was supplied t o  t h e  b o i l e r  t o  start t h e  propel- 

The anode p o t e n t i a l  was  maintained at  t h e  desired pos i t ive  or net  acceler-  
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connected t o  t h e  t h r u s t o r  body and consequently were a t  the  same poten t ia l .  
negative voltage w a s  applied t o  t h e  accelerator  t o  prevent e lec t ron  backstreaming 
from t h e  tank t o  t h e  thrus tor .  Backstreaming, i n  addi t ion t o  causing undesirable 
arcing from t h e  tank environment t o  t h e  t h r u s t o r ,  could cause t h e  ground current 
meter (beam curren t )  t o  read high by several  percent t o  several  hundred percent. 

A 

For each g r i d  configuration, accelerat ion voltages were var ied from a mini- 
mum value where accelerator  impingement increased sharply t o  a maximum where 
breakdown voltages were obtained. Data were taken f o r  constant values of beam 
current JB and R (where R is defined as V I / ( V I  + I VAI ), t h e  r a t i o  of net t o  
t o t a l  accelerat ion vol tage) .  Each of 
t h e  three  s i z e s  of t h r u s t o r s  w a s  operated with i t s  ion source held approximately 
constant. Small changes were made i n  filament heating current (fi lament emis- 
s ion)  t o  maintain t h e  t h r u s t o r  a t  a constant beam current.  
voltage AV, w a s  held constant at 50 v o l t s  f o r  a l l  th ree  sizes. The magnetic 
f i e l d  s t rength,  while approximately constant f o r  each s i z e  thrus tor ,  was varied 
between s i z e s  as l i s t e d  i n  t a b l e  111. 

( A l l  symbols a r e  defined i n  t h e  appendix.) 

The discharge chamber 

The t h r u s t o r  was usual ly  operated near a constant propellant u t i l i z a t i o n  
of 0.8 ( ion beam current out divided by equivalent current of neut ra l  mercury 
flow i n ) .  
because of operat ional  l i m i t s  with these designs. Since t h e  mercury flow from 
t h e  b o i l e r  f o r  these runs corresponded t o  0.161 ampere, t h e  u t i l i z a t i o n  can be 
obtained by dividing t h e  bean current by t h i s  value. 

vu 
Runs 6(a) and 8 (table 11) were run a t  a lower propellant u t i l i z a t i o n  

RESULTS A.ND DISCUSSION 

The 1 2  s e t s  of gr ids  were t e s t e d  over ranges of accel-decel voltages.  A 
A more de- summary of acce lera tor  da ta  and r e s u l t s  i s  presented i n  t a b l e  11. 

t a i l e d  compilation of data  i s  presented i n  t a b l e  111. 
era tor  current 
t r o n  emission. 
denum at  severa l  thousand e lec t ron  v o l t s ,  however, i s  thought (by a comparison 
with cesium ion bombardment on molybdenum surfaces,  ref. 11) t o  be l e s s  than 10 
percent and probably only about 2 percent of impingement current .  
secondary e lec t ron  e f f e c t  has been neglected. 

The a c t u a l  value of accel-  
JA 
The amount of secondary electrons produced by Hg'l ions on molyb- 

measured was t h e  sum of ion impingement plus  secondary elec-  

Therefore, t h e  

Impingement current JA i s  p lo t ted  against  net accelerat ion voltage VI 
f o r  several  values of R i n  f i g u r e  6 f o r  two t y p i c a l  screen-accelerator s e t s .  
lmpingement curves f o r  t h e  other g r i d  s e t s  a r e  s imilar  t o  f igure  6 ( a )  and w e r e  
not p lo t ted  but a r e  ava i lab le  from t h e  data  i n  t a b l e  111. 

For each gr id  set, a region of accelerat ion voltages was observed where 
f a i r l y  low values of impingement existed.  
lowered, a condition was reached where t h e  ions were supplied a t  a rate t h a t  ap- 
proached the  space-charge-limited flow, which caused the  accelerator  impingement 
current t o  rise. The t o t a l  accelerat ion voltage j u s t  before t h i s  rise w a s  used 
t o  ca lcu la te  t h e  t h e o r e t i c a l  space-charge-limited beam current for comparison 
with experimental beam current values. The anode voltage was divided by R t o  
obtain AV f o r  use i n  t h e  following form of Child 's  l a w  equation: 

A s  the  net acce lera t ion  voltage was 
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8 Js = 9 c0 

where 

Js space-charge-limited 

c0 permi t t iv i ty  of f r e e  

q/m charge-to-mass r a t i o  

beam current ,  amp 

space, 8.85~10-~' coulomb2/( newton) ( m )  

0. 4811X106 coulomb/kg f o r  Hg'l 

A, 

AV 

2 accelerat ion dis tance between gr ids ,  cm 

screen gr id  open area,  sq  cm 

t o t a l  accelerat ion voltage,  VI + 1 V*l , v 

Table I1 l i s t s  screen-accelerator gr id  spacings, t h e  p o t e n t i a l  a t  t h e  knee of 
each impingement curve, t h e  e l e c t r i c a l  breakdown voltage,  t h e  percent of beam i m -  
pingement a t  t h e  knee of t h e  impingement curve, and t h e  experimental beam current 
(expressed as a f r a c t i o n  of t h e  calculated i d e a l  Chi ld 's  l a w  cur ren t ) .  Since t h e  
g r i d  thickness was  not negl igible  as compared t o  t h e  g r i d  spacing, t h e  r a t i o  of 
beam current t o  t h e o r e t i c a l  Child 's  l a w  current was  calculated on t h e  bas i s  of 
both t h e  center l ine  and surface gap g r i d  spacing. 

Ion chamber losses  as described by t h e  discharge energy d iss ipa ted  per beam 
ion were calculated f o r  each operating point  and are presented i n  t a b l e  111. 
These ion chamber losses  can be represented as t h e  ion discharge chamber voltage 

AV, 
vided by t h e  beam current.  

mult ipl ied by t h e  difference between t h e  anode and t h e  beam currents  and d i -  

Accelerator Hole Effects  

Three d i f f e r e n t  g r i d  systems were studied t o  determine t h e  e f f e c t  of hole 
geometry on accelerator  performance: 

(1) Beveled hole shape i n  t h e  screen gr id ,  g r id  sets 1 t o  4 

( 2 )  Accelerator holes smaller than screen holes,  g r id  s e t  5 

(3) A set of small-hole gr ids ,  g r id  set 6 

It was believed t h a t  a beveled hole could approximate t h e  i d e a l  beam- 
focusing methods of Pierce ( r e f .  12). 
( g r i d  s e t  1) and 45' (gr id  set 2)  as shown i n  f igure  2. 
were first t e s t e d  and reported i n  reference 5. 
versed ( g r i d  sets 3 and 4, respect ively)  t o  examine the  e f f e c t s  of the  beveled 
geometry on t h e  bean extract ion.  

The screen was  beveled a t  angles of 33' 
These beveled gr ids  

Grid s e t s  1 and 2 were a l s o  re- 

Although reference 5 indicated t h a t  with t h e  bevel on t h e  screen hole t h e  
impingement current w a s  lower than normal, it i s  believed t h a t  t h e  data  i n  t h i s  
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repor t  a r e  more cor rec t .  The da ta  of reference 5 were recorded under conditions 
of i r reproducibly low b e l l  jar pressures.  
times more da t a )  i nd ica t e  a mean impingement value of about 1 percent f o r  e i t h e r  
screen bevel angle. This value i s  consis tent  with t h e  impingement cur ren ts  of 
other  g r id  sets i n  both t h i s  repor t  and reference 5 and ind ica tes  t h a t  t he re  is  
no s ign i f i can t  increase i n  beam focusing with e i t h e r  type of beveled hole config- 
urat ion.  

The da ta  i n  t h i s  repor t  (about three 

Figure 7 presents  a comparison of t h e  performance of t h e  beveled screens i n  
t h e  forward and reversed pos i t ions .  Over t h e  range of 1 /D  from 0.7 t o  1.1, t h e  
reversed screens passed a higher f r a c t i o n  of Chi ld 's  l a w  current  than t h e  forward 
screens. There was no consis tent  t r end  of f r a c t i o n  of Child 's  l a w  current  with 
2/D It i s  a l s o  indicated i n  t a b l e  I11 t h a t  im- 
pingement cur ren ts  were equivalent for reversed and forward operation. 
of g r id  set 2 (45') was increased t o  1.38, t h e  th rus to r ,  because of e l e c t r i c a l  
breakdown, would only operate a t  reduced beam currents .  
made t o  increase Z/D beyond 1.1. 

between t h e  33' and 45' g r ids .  
When 2/D 

No fu r the r  attempts were 

Grid s e t  5 ( f i g .  2 ( b ) )  was designed with normal (0.476 cm) screen holes but 
with each corresponding acce lera tor  hole reduced t o  one-ninth t h e  area of t h e  
screen hole. A design such as set  5 might improve the acce lera tor  gr id  l i f e t ime  
by providing more web material between holes.  
t h a t  after a 150-hour endurance run t h e  major acce lera tor  grid erosion was t o  t h e  
s ides  of t h e  hole,  while t h e  g r id  p l a t e  thickness  remained r e l a t i v e l y  unchanged. 
Thus, by enlarging t h e  web thickness ,  more material was added t o  t h e  region of 
g rea t e s t  w e a r .  
focusing t h e  ion beam i n t o  t h e  smaller acce lera tor  hole. 
determine t h e  ul t imate  lifetime. 

It has been shown i n  reference 8 

The present inves t iga t ion  was l imi ted  t o  studying t h e  problems of 
No attempt was made t o  

As seen i n  t a b l e  I11 for run 5,  t h e  ion source was  operated t o  maintain a 
constant beam current  of 0.075 ampere with va r i a t ions  i n  acce lera t ion  voltage.  
The f r a c t i o n  of beam current  passing through t h e  acce lera tor  (defined as 
JB/(JB + JA)) varied from 0.55 t o  0.97. 
i n  t a b l e  I11 where, f o r  
acce lera tor  hole.  A t  lower t o t a l  acce le ra t ion  voltages,  beam spreading caused by 
t h e  increased charge dens i ty  of t h e  slower ions r ap id ly  increased t h e  acce lera tor  
impingement. A t  higher t o t a l  acce le ra t ion  voltages t h e  f r inges  of t h e  beam were 
b e t t e r  focused i n t o  t h e  hole,  and 0.97 of t h e  beam ions could be passed through. 

Typical operation i s  shown f o r  run 5 ( a )  
AV > 3800 v o l t s ,  0.9 of t h e  beam was focused i n t o  t h e  

Run 5 was made at  a reduced magnetic f i e l d  of 11 t o  16 gauss because, i n  so 

For example, at  a normal magnetic f i e l d  of 35 gauss, t h e  
doing, t h e  acce lera tor  impingement current  ( f o r  reasons not present ly  understood) 
was g r e a t l y  reduced. 
impingement increased t o  25x10'3 ampere from a value of 5x10'3 ampere a t  11 
gauss; however, a t  t h e  lower magnetic f i e l d  conditions,  t h e  ion chamber discharge 
energy (ev per ion)  was approximately double t h a t  at  normal magnetic f i e l d  con- 
d i t i ons .  

Figure 8 cons is t s  of photographs of t h e  upstream face  of t h e  acce lera tor  
g r id  with one random hole near t h e  center  of t h e  g r id  marked f o r  reference.  
After t h r u s t o r  operat ion of approximately 2.3 hours at  an average impingement 
current  of 0.006 ampere, t h e  photograph i n  f igu re  8 ( b )  was  made. It shows a 

6 



lightly sputtered region that is approximately the same size as that of the 
screen hole. The photograph shown in figure 8(c) was taken after run 5(c) was 
made at a high impingement current of 0.060 ampere for 0.75 hour. The upstream 
face of the accelerator grid has been eroded away as shown in sketch (a), which 
is drawn from figure 8(c). 

,-Original 
1 surface 

t 

The erosion pattern of the type shown in the sketch is caused by direct ion 
beam impingement. 
erating voltages where direct impingement was minimized, the erosion of the up- 
stream face would not have been so severe. 

If the accelerator grids had been operated only at high accel- 

It appears that, since 0.97 fraction of the beam was passed at the point of 
lowest impingement in run 5(a), the use of a thicker web between accelerator grid 
holes should lead to a longer accelerator lifetime, but it may be that a smaller 
maximum current density can be passed. 
smaller accelerator hole, physical tolerances become increasingly important. A 
sufficient accuracy of hole location for a 0.476-centimeter accelerator hole may 
be k0.007 centimeter, but, for a 0.159-centimeter hole location, the tolerance 
may be k0.002 centimeter. 

Also, as the beam must pass through a 

Another geometric variable tested was the diameter to which both the screen 
and accelerator holes could be reduced. This variable was selected because past 
data indicated that, because of a grid aperture effect (distortion of electric 
field lines in the vicinity of a hole), the beam perveance could be increased as 
the hole diameters were reduced, and thus a constant accelerating distance is 
kept. 
smallest size consistent with the thickness of the plates used and the tolerance 
of fabrication and assembly. 
and 0.102 centimeter, respectively, were believed to be the minimum necessary for 
rigid construction of a 10-centimeter-diameter thrustor. 
of higher beam perveance for grid set 6 was not fully realized, and the actual 
fraction of Child's law current fell lower than that of the larger 0.476- 
centimeter-diameter hole size (grid set 10) or the 0.315- and 0.238-centimeter 
hole size data of reference 5. 

The reduced hole size (0.159-cm dim. ) of grid set 6 was selected as the 

The screen and accelerator thicknesses of 0.051 

The anticipated trend 

The performance noted with smaller hole accelerator grids may indicate an 

Calculated Debye length for ion chamber plasma 
unfavorable interaction occurring between the ion chamber plasma and the extrac- 
tion holes of the screen grid. 
conditions is only about 0.005 centimeter, but the calculated extraction sheath 
thickness between the discharge and screen is about 0.03 centimeter (see sketch 
(b) 1. 

7 



, - N o m 1  accelerat ion distance 
I 

\ '\Screen Acceleration 

Plasma I ! I  ~ ~ , - 0 . 1 5 9 - C m  hole d i m .  

Ion flow 
-Possible increased distance 

The 0.03-centimeter sheath thickness i s  about one-f i f th  of t h e  0.159- 
centimeter screen hole diameter. 
t o  t h e  width of t h e  ex t rac t ion  sheath) ,  the  e f fec t ive  t o t a l  accelerat ion dis tance 
may increase from t h e  center-of-screen thickness t o  a point c loser  t o  t h e  extrac- 
t i o n  sheath. This increase i n  the  e f fec t ive  t o t a l  accelerat ion dis tance would 
have t h e  r e s u l t  of reducing t h e  f r a c t i o n  of Child 's  l a w  current passed, as based 
on t h e  usual center  of thickness spacing. The an t ic ipa ted  f r a c t i o n  of Child 's  
l a w  current without t h i s  increased dis tance was about 0.8 (as determined both by 
experimental data of other ,  larger-hole grids a t  a similar 2/D and by a "grid 
aperture effect ' '  ca lcu la t ion  using t h e  methods of appendix B i n  r e f .  5 ) ,  while 
t h e  measured value ms about 0.6. An increased e f f e c t i v e  acce lera t ion  dis tance 
would a l s o  mean a longer ion accelerat ion time during which random motion would 
be greater  and presumably acce lera tor  impingement could increase.  The measured 
impingement w a s  high and always remained above 1 percent of t h e  beam. 

A s  t h e  hole diameter becomes smaller (compared 

Slo t ted  p l a t e s  (gr id  set 7) were constructed as an intermediate design be- 
tween t h e  wire gr id  acce lera tors  of reference 2 and the  multihole accelerator .  
This approach was considered s ince t h e  ion chamber performance f o r  t h e  wire gr ids  
was b e t t e r  than t h a t  of the  d r i l l e d  p l a t e s  which, however, were able  t o  pass a 
greater  f r a c t i o n  of Chi ld 's  l a w  current.  Alinement of t h i s  new g r i d  s e t  was  
maintained by simultaneous mi l l ing  of t h e  s l o t s  i n  both p la tes .  The s l o t t e d  
p l a t e s  had an open area of 56 square centimeters, which i s  t h e  l a r g e s t  of any 10- 
centimeter s e t  tes ted.  As  expected, t h e  discharge chamber energy f o r  the  s l o t t e d  
accelerators  was low. The thermal warpage f o r  t h i s  g r i d  configuration was com- 
parable with t h a t  f o r  t h e  d r i l l e d  p l a t e s ,  whereas t h e  wire grids (as reported i n  
r e f .  2 )  expanded and bowed considerably during a t y p i c a l  run. 
Child 's  l a w  current was found t o  be lower for the  s l o t t e d  accelerators ,  but was 
e s s e n t i a l l y  compensated f o r  by t h e  increased open area. 

The f r a c t i o n  of 

It was a l s o  found necessary t o  operate with a lower value of R t o  s top  
electron backstreaming. The probable explanation f o r  t h i s  i s  t h a t  f o r  a given 
s l o t  width or hole diameter t h e  holes maintain a more uniform e l e c t r i c  f i e l d  
across t h e  grid opening. A s l o t  opening ( w i t h  a many times longer length than 
width) permits more f i e l d  d i s t o r t i o n  t o  occur, and, thereby, e lectrons may f i n d  
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a backstreaming path through t h e  acce lera tor  f i e l d  a t  a lower value of R. 

Thick Screen 

A th i ck  screen (g r id  s e t  8)  was used t o  r a i s e  t h e  ion chamber pressure by 
It w a s  assumed t h a t  a higher 

The r e su l t i ng  th rus to r  

reducing t h e  flow conductance through t h e  gr ids .  
ion chamber pressure would r e s u l t  i n  a longer neut ra l  residence t i m e  and a corre- 
sponding increase i n  propel lant  u t i l i z a t i o n  eff ic iency.  
operation w a s  very e r r a t i c  with extremely high values of discharge chamber energy 
ranging from 3800 t o  9320 e lec t ron  v o l t s  per ion. 
s u f f i c i e n t  t o  supply a 0.125-ampere beam a t  0.80 propel lant  u t i l i z a t i o n  e f f i -  
ciency, t h e  a c t u a l  value remained low (0.040 t o  0.050 amp). The th i ck  screen 
sh ie lds  t h e  plasma from the  f i e l d  of t h e  acce lera tor  and thereby impedes ion ex- 
t r a c t  ion. 

Although t h e  neu t r a l  flow was 

Thrustor Size Effec ts  

Geometrically s i m i l a r  5- and 20-centimeter sources were scaled from t h e  10- 
centimeter source. 
and 1 2 )  and run with t h e  th ree  th rus to r  s i zes .  Data were obtained a t  approxi- 
mately t h e  same g r id  spacing. If a magnetic f i e l d  was used t h a t  was consis tent  
with minimum discharge energy f o r  each s i z e  th rus to r  (see t a b l e  I11 or f i g .  6,  
r e f .  4 ) ,  t h e  discharge energy per beam ion was found t o  be e s s e n t i a l l y  constant 
f o r  a given spec i f i c  impulse over t h e  s i z e  range of t h rus to r s  considered. The 
acce lera tor  performance was similar f o r  t h e  two smaller th rus to r s  and somewhat 
reduced f o r  t h e  20-centimeter s i ze ,  as evidenced by higher impingement current 
and a lower f r a c t i o n  of  Chi ld 's  l a w  current .  
f o r  t h e  20-centimeter t h rus to r  were not very w e l l  defined, as can be seen from 
f igu re  6(b) .  Sketch ( e )  i s  included t o  compare d i r e c t l y  t h e  shapes of t h e  im- 

Iden t i ca l ly  d r i l l e d  gr ids  were constructed ( g r i d  s e t s  10, 11, 

The impingement curve knee values 

p i  ngement curves 
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Beam current dens i ty  p r o f i l e s  were obtained during t h e  20-centimeter thrus-  
t o r  operations i n  t h e  manner described i n  reference 5. A high beam current den- 
s i t y  region was measured near t h e  axis. The broader knee f o r  t h e  20-centimeter 
th rus tor  i s  a t t r i b u t e d  t o  t h i s  concentration of ions near t h e  center of t h e  ac- 
ce le ra tor  system and t h e  consequent approach t o  space-charge-limited flow at  
higher voltage. The outer edges of t h e  20-centimeter t h r u s t o r  tend t o  receive 
few ions because of t h e  concentrated discharge at t h e  ion chamber ax is .  With t h e  
10-centimeter th rus tor  a high-density region a l s o  exis ted a t  t h e  axis; but ,  be- 
cause a lower t o t a l  beam current was required,  i t s  peak ion densi ty  was propor- 
t i o n a l l y  lower, and t h e  width of t h e  peak was a grea te r  f r a c t i o n  of the  t h r u s t o r  
diameter. The lower voltage knee of t h e  10-centimeter t h r u s t o r  can be a t t r i b u t e d  
t o  ion accelerat ion through a grea te r  f r a c t i o n  of t h e  accelerator  t o t a l  area.  
The sharper knee may indica te  t h a t  a la rger  percentage of t h e  t o t a l  flow area  i s  
approaching space-charge-limited flow at  t h e  same accelerat ion voltage. 

Temperature Prof i le  

One of t h e  problems associated with t h e  accelerator  gr ids  t e s t e d  i n  t h i s  re-  
port  was warping due t o  thermal expansion. 
f i l e s  of t h e  gr ids ,  thermocouples were mounted on the screen and accelerator  
grids. For a 0.125-ampere ion beam under t y p i c a l  operating conditions, t h e  cen- 
t e r  of both screen and accelerator  reached steady-state temperatures of approxi- 
mately 800' t o  900' F. The edges of both gr ids  were cooler (by 100' t o  250' F) 
than t h e  centers  with t h e  s teeper  temperature gradient ex is t ing  i n  t h e  acceler-  
a t o r  ra ther  than i n  t h e  screen. The accelerator  warping due t o  a s teeper  temper- 
a t u r e  gradient was usual ly  more severe than that of t h e  screen. The temperature 
of t h e  gr ids  rose r a p i d l y  i n  t h e  first 10 t o  15 minutes of operation and then 
gradually leveled of f  t o  a steady-state value. 
locat ions on t h e  screen f o r  beam currents  of 0.125 and 0.250 ampere a r e  presented 
i n  f igure  9. One thermocouple w a s  located at  t h e  center of t h e  g r i d  and t h e  
other 4 centimeters away. A more severe temperature gradient was found t o  e x i s t  
with higher values of beam current .  

To invest igate  t h e  temperature pro- 

Typical heat-up curves f o r  two 

Heating of t h e  screen appears t o  be due t o  rad ia t ion  from t h e  filament and 

The tem- 
heat contributed by t h e  ion chamber plasma. 
v e r i f i e d  by turning t h e  mercury flow off  and leaving t h e  filament on. 
perature of t h e  screen f e l l  at  a moderate rate but not near ly  as fast as when t h e  
filament was a l s o  o f f . )  For the  acce lera tor ,  one of t h e  primary sources of heat- 
ing appears t o  be ion impingement. Figure 10 shows t h e  temperature at  t h r e e  lo- 
cations on t h e  accelerator  gr id  f o r  a range of impingement currents.  By operat- 
ing near space-charge-limited conditions, it was possible t o  obtain various im-  
pingement l e v e l s  by changing VI 
r e n t  of 0.125 ampere. As t h e  impingement current was increased from 0.001 t o  
0.021 ampere, t h e  temperature gradient became more severe. To v e r i f y  t h a t  i m -  
pingement current was responsible f o r  the  temperature r i s e ,  t h e  following calcu- 
l a t i o n  was made. The acce lera tor  g r i d  was  assumed t o  have a uniform i n i t i a l t e m -  
perature of 550' F with t h e  t h r u s t o r  operating and with a negl igible  (0.001 amp) 
impingement current.  Seventy watts of addi t iona l  power was now uniformly applied 
t o  t h e  gr id .  The 7 0 - w a t t  increase corresponds t o  an impingement current increase 
of 0.020 ampere a t  a t o t a l  accelerat ion voltage of 3500 v o l t s .  

(The former source of heating was 

s l i g h t l y  while maintaining a constant beam cur- 

A calculated 
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equilibrium temperature of 1060° F re su l t ed  from a r ad ia t ion  heat balance. 
accelerator-gr id  heat  losses  were assumed t o  have occurred by r ad ia t ion  of t h e  
downstream s ide  of t h e  g r id  t o  the  cold baffles i n  t h e  tank, which were assumed 
t o  be a t  Oo R f o r  purposes of t he  calculat ion.  
t h e  molybdenum gr id .  ) The calculated equilibrium temperature compares favorably 
with t h e  measured maximum 1080' F of f igu re  10. 

(All 

An emissivi ty  of 0 .4  was used f o r  

Warpage considerations and f ab r i ca t ion  techniques have been found t o  l i m i t  
t h e  minimum spacing between gr ids  t o  aspect r a t i o s  ( r a t i o  of engine diameter t o  
g r i d  separat ion)  of about 100 t o  150. 
grea t  as 0.025 centimeter could be found f o r  a typ ica l ,  t e s t e d  molybdenum gr id  
s e t .  
and 0.100 centimeter f o r  t h e  screen and acce lera tor  gr ids ,  respect ively.  G r i d  
mater ia l s  t h a t  have already demonstrated res i s tance  t o  warping and sput te r ing  in-  
clude molybdenum, s t a i n l e s s  s t e e l ,  tungsten,  and tantalum ( r e f .  5 ) .  

Variations from t h e  average separat ion a6 

Grid thinness  is  a l s o  l imi ted  by warpage considerations t o  values of 0.050 

Accelerator p l a t e s  of graphite (National Carbon Co., ATJ grade) were con- 
s t ruc t ed  ( g r i d  s e t  9 )  i n  an attempt t o  reduce gr id  warpage. 
l ec t ed  because of i t s  proper t ies  of low uniform thermal expansion, high densi ty ,  
high s t rength,  and small grain s i ze .  The p l a t e s  w e r e  d r i l l ed  from a 0.155- 
centimeter-thick graphi te  sheet ,  which was believed t o  be t h e  th innes t  t ha t  would 
be s t r u c t u r a l l y  acceptable. I n  addi t ion  t o  t h e  normal evaluat ion t e s t s ,  t h e  
gr ids  were run at high acce lera tor  impingement cur ren ts  that ranged from 0.040 t o  
0.100 ampere for a period of 15 minutes. Graphite gr ids  showed no tendency what- 
ever t o  w a r p  a t  these  high impingement currents ,  although t h e  bes t  metal gr ids  
would have been hopelessly warped. The grid spacing, which w a s  measured before 
and a f t e r  several runs, remained constant desp i te  t h e  severe impingement. 

This grade was se- 

Run 9 yielded t h e  expected r e s u l t s  t h a t  a change i n  mater ia l  did not a l t e r  
the ion chamber performance. A s  shown i n  t a b l e  11, the  graphi te  gr ids  gave per- 
formance r e s u l t s  comparable with those of a geometrically s imi l a r  molybdenum gr id  
set (@id set 10). 

The grids were disassembled and weighed before and a f t e r  each run. The ac- 
ce l e ra to r  weight loss due t o  sput te r ing  w a s  found t o  be only 2.52 grams per 
ampere-hour of impingement current  a t  an average t o t a l  acce le ra t ing  voltage of 
about 4000 vo l t s .  The mater ia l  l o s t  on a volume r a t e  basis, however, w a s  similar 
t o  t h a t  encountered with molybdenum grids .  

A disadvantage of the  graphi te  g r ids  was t h e  addi t iona l  care required i n  
handling and f ab r i ca t ion  because of t h e  b r i t t l e n e s s  of t he  mater ia l .  
probable use of graphi te  g r ids  w i l l  be i n  laboratory apparatus when close t o l e r -  
ance and t h e  a b i l i t y  t o  withstand short  periods of high impingement a r e  required.  
For space operat ion graphite gr ids  do not appear t o  o f f e r  s u f f i c i e n t  gains i n  
sput te r ing  res i s tance  t o  j u s t i f y  t h e  care required t o  protect  them against  break- 
age under high gravi ty  loads and vibrat ion.  

The most 

Thrust Target 

The t h r u s t  i s  most e a s i l y  calculated from the  measured ground r e t u r n  current  
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and the net acce lera t ion  poten t ia l .  Large angles of beam divergence caused by 
accelerator  system opt ics  would, however, r e s u l t  i n  a reduction i n  t h r u s t  t h a t  
would not be corrected i n  calculat ions based only on accelerat ing voltages and 
beam currents .  These calculated t h r u s t  values were therefore  checked, for sev- 
e r a l m u l t i h o l e  gr ids ,  by t h e  use of a t a r g e t  i n  t h e  exhaust beam. 
t h r u s t  t a r g e t  w a s  constructed and i n s t a l l e d  as described i n  t h e  sect ion 
APPrnTUS. 

A cone-shaped 

The beam t h r u s t  was determined by using t h e  following simple pendulum for- 
mula for s m a l l  angles of def lect ion:  

6 
E T = W  

where 

T beam t h r u s t ,  newtons 

W t h r u s t  t a r g e t  weight, newtons 

6 t h r u s t  t a r g e t  def lec t ion ,  m 

L pendulum length,  m 

The length of t h e  pendulum w a s  determined by measuring t h e  period of o s c i l l a t i o n  
and using t h e  following equation: 

where 

T period of o s c i l l a t i o n ,  sec 

g grav i ty  constant,  9 .81  m/sec2 

For t h e  t h r u s t  t a r g e t  used i n  t h i s  repor t ,  t h e  measured period of o s c i l l a -  
t i o n  was  1.20 seconds, which corresponded t o  a calculated length of 0.357 meter. 
The beam t h r u s t  as calculated from e l e c t r i c a l  meter readings of beam current and 
voltage i s  

Combining equations ( 2 )  and ( 4 )  and solving f o r  8 y i e l d  

6 = - ) / 2 : J B  L fi 
W 

= i.22~10-3 J~ fi for Hg'l ions (5) 
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Equation (5)  w a s  used t o  ca lcu la te  a t h e o r e t i c a l  def lec t ion  curve f o r  var i -  
ous values of beam current and accelerat ion voltage,  and t h i s  curve i s  shown i n  
f igure  11. The experimental, o p t i c a l l y  measured def lec t ion  data  a r e  a l s o  shown 
i n  t h i s  f igure.  
a t  t h e  higher t h r u s t  l eve ls  t e s t e d  (above 1 . 3 ~ 1 0 - ~  newton). 
l e v e l s  t h e  t h r u s t  t a r g e t  s e n s i t i v i t y  i s  l e s s  and may account f o r  t h e  greater  per- 
centage e r ror .  
20-percent double ionizat ion ( r e f .  10) f o r  which no correct ion was made. 
pears t h a t  t h e r e  i s  no subs tan t ia l  (>lo percent) e r r o r  i n  d i rec ted  t h r u s t  because 
of beam spreading. 

Calculated and measured values agree t o  within about 10 percent 
A t  lower t h r u s t  

The t h r u s t  t a r g e t  may read 3 t o  6 percent low because of 10- t o  
It ap- 

CONCLUDING REMARKS 

Certain basic  design fea tures  have been establ ished f o r  t h e  construction of 
accelerator  gr ids  f o r  an e lec t ron  bombardment thrus tor .  
The physical thicknesses of the  gr ids  have been establ ished by mechanical 
s t rength requirements t o  r e s i s t  thermal warpage. 
e t e r  t o  g r i d  thickness should be 3 t o  1 or greater t o  prevent t h e  screen thick- 
ness from shielding t h e  plasma from t h e  accelerator  gr id  and making ion extrac- 
t i o n  d i f f i c u l t .  
r a t i o  of g r i d  p l a t e  separation t o  hole diameter (Z/D)  should be a t  l e a s t  0.6 t o  
1.0.  
and thermal warpage t o  r a t i o s  of t h r u s t o r  diameter t o  g r i d  p l a t e  separation of 
about 100 t o  150. 
charge flow l i m i t a t i o n s  consistent with e l e c t r i c a l  breakdown and t h e  s p e c i f i c  i m -  
pulse required.  

They are as follows: 

The r e l a t i o n  of g r i d  hole diam- 

To minimize e l e c t r i c  f i e l d  d i s t o r t i o n  between t h e  g r i d  holes, a 

Minimum g r i d  p l a t e  separation has been l imited by fabr ica t ion  d i f f i c u l t i e s  

The maximum accelerator  gr id  spacing i s  determined by space- 

For a 10-centimeter-diameter th rus tor  the  gr ids  should be at  l e a s t  0.1 cen- 
t imeter  t h i c k  with holes grea te r  than 0.3 centimeter i n  diameter. The gr id  sepa- 
r a t i o n  should be 0.2 t o  0 .3  centimeter t o  provide an 2/D t h a t  avoids d i s t o r t i o n  
and a l s o  permits an e a s i l y  fabr icated and warpage-resistant g r i d  set. 
of t h e  gr ids  may be molybdenum, tantalum, tungsten, or s t a i n l e s s  s t e e l .  Graphite 
gr ids  offered excel lent  res i s tance  t o  warpage but ,  because of b r i t t l e n e s s ,  may be 
restricted t o  laboratory use. 

Material  

The acce lera tor  performance as measured by current densi ty  and impingement 
was  found t o  be approximately constant as t h e  gr id  diameter w a s  reduced from t h e  
10-centimeter t h r u s t o r  t o  a 5-centimeter s i z e  and adversely a f fec ted  when in-  
creased t o  a 20-centimeter s ize .  
20 centimeters w i l l  require  a more uniform ion chamber discharge, perhaps by t h e  
use of mult iple  fi laments.  Mechanical requirements indicate  t h a t  accelerator  
systems la rger  than 20 centimeters may take t h e  form of p a r a l l e l  g r i d  wires under 
tension, o r ,  i f  a multihole g r i d  i s  t o  be used, i n t e r n a l  points  of support may be 
necessary. 

t r i c a l m e t e r  readings of beam current and voltage i s  within 10 percent of t h e  
measured t a r g e t  value a t  t h r u s t  l e v e l s  a'bove 1 . 3 ~ 1 0 - ~  newton. 

Ef f ic ien t  operation of a t h r u s t o r  la rger  than 

Thrust t a r g e t  measurements indicate  t h a t  t h e  t h r u s t  calculated from elec- 
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APmNDIx - SYMBOLS 

gr id  open area, s q  em AO 

D diameter of g r i d  hole, em 

g gravi ty  constant , 9 . 8 1  m/sec2 

accelerator  current ,  amp 

ion beam current ,  amp 

JE emission current ,  amp 

JA 

JB 

JI anode current ,  amp 

Js space-charge-limited beam current,  amp 

ion beam current density,  amp/m2 jB 
L pendulum length, m 

2 accelerat ion dis tance between gr ids ,  cm 

q/m 

R 

T t h r u s t ,  w(~/L), newtons 

charge-to-mass r a t i o ,  0. 4811)(106 coulomb/kg f o r  Hg+' 

r a t i o  of net t o  t o t a l  acce le ra t ion  voltage,  V ~ / ( V ,  + IvA1 ) 

VA decelerat ion voltage,  v 

net acce lera t ion  (anode) voltage,  v 

I AV t o t a l  accelerat ion voltage,  VI + I V A l ,  v 

AVF filament heating voltage,  v 
I 

AV, discharge chamber voltage,  v 

i W t h r u s t  t a r g e t  weight, newtons 

6 t h r u s t  t a r g e t  def lect ion,  m 

€0 
permi t t iv i ty  of f r e e  space , 8.85~10'~~ coulomb2/( newton) ( m )  

ion beam current out divided by equivalent current of n e u t r a l  mercury flow 
VU 

i n  

z period of o s c i l l a t i o n ,  see 

14 
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TABLE I. - VARIATIONS OF GRID GEOMETRIES 

[Standard or reference set  of screen-accelerator gr ids  has 
t h e  following: hole diameters of 0.476 ern located on 
e q u i l a t e r a l  t r i angu la r  hole spacing of  0.635 em; screen 
and accelerator-gr id  thickness,  0 . 1 2 7  em; g r id  open area, 
40 s q  em; material, molybdenm. A l l  dimensions are i n  
centimeters. A l l  g r ids  have t h e  same dimensions except 
as noted below.] 

G r  i C  
set  

1 
2 
3 
4 
5 

6 

7 

8 
9 
10 
11 

12 

Variation from standard 

Beveled screen holes ,  0.112 t h i ck  screen 
Beveled screen holes 
Screen of g r i d  se t  1 reversed, 0.11'2 screen 
Screen of g r i d  set  2 reversed 
Accelerator holes, 0.159 diam. with t o t a l  

open area of 4.4 sq em; screen thickness,  
0 . 1 4 7  

Both hole d i m . ,  0.159; e q u i l a t e r a l  tri- 
angular hole spacing, 0.212; screen, 
0.051 th i ck ;  acce lera tor ,  0.102 t h i ck  

S lo t t ed  gr ids ,  0.476 wide s l o t s ;  g r i d  open 
area, 56 s q  ern 

Thick, s t a in l e s s - s t ee l  screen, 0.635 t h i c k  
Graphite grids, 0.155 th i ck  
Standard gr ids  
Thrustor d i m . ,  20; g r i d  open area, 

160 s q  em 
Thrustor diam., 5; g r i d  open area, 

10 s q  ern 

Figure number 
of sketch 
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TABLE 11. - SUMMARIZED SCREEN-ACCELERATOR GRID RESULTS 

Run or 
gr id  
s e t  

Center- Surface 
l i n e  g r id  
g r id  spacing, 

0.68 
.62 
.64 

0.63 
.60 

0.49 
.45 
.43 
.37 

0.30 
.28 
.29 

0.35 
.33 

0.26 
.24 
.23 
.19 

j ( b )  

j ( c )  

; ( a )  

j ( b )  

? ( a )  

7(b) 

3(a) 

3(b) 

3(a) 

3(b) 

to (a)  

t O ( b )  

11 

12 

aTank 

0.217 0.079 

0.512 0.373 

0.170 0.0865 

0.264 0.188 

0.447 0.323 

0.592 0.465 

0.526 0.145 

0.593 0.312 

0.452 0.297 

0.520 0.368 

0.439 0.312 

0.360 0.234 

~ 

0.350 0.224 

0.368 0.241 

pressure.  

>2500 0.8 

>4500 .6 

Ratio of 
g r id  spacing t o  
hole diameter 

Anode 
loten- 
i a l  ai 
knee, 

Maximum Ratio of 
anode ne t  t o  t o t a l  

notential  acceleration 

Average 
> e l l  j a r  
r e s su re  

t o r r s  

2.6 
2.9 
2.2 

Fraction of 
Child 's  law 

current 

Beam 
current 

Iercent 

running), 

0.125 4100 0.71 
3600 

~ .6 >2000 .4 .38 .16 

1.050 1 0.780 5060 
4120 

1800 
1500 
1050 

~ 

>7000 0 .8  
>4500 1 .6 

3.3 
3.6 

0.125 

0.125 4700 1 0.8 1.3 
1.2 
2.0 

1.3 39 

2.0 >2000 3900 I :: 
0.125 3750 

2850 
1950 

3.4 
2.4 
3.3 

3.2 
3.2 
3.0 

1.5 

0.125 2500 
2000 
1300 

5000 0.8 
4000 I .6 >2000 .4 O% 1.20 I 70 
I 

3800 
2950 

4200 
3500 
2700 
2000 

~ 

>5500 0.8 
>4500 I .6 

4.1 
3.8 

1.44 60 
1.92 I 0.125 

0.075 5000 I 1.0 3.9 
3.3 
3.3 
3.7 

4.1 48 
4.65 : 
5.00 

4000 .8 
3000 1 .6 >3500 .4 6 . 0 0  1 
I 

0.555 1 0.165 0.075 4000 
3020 
2400 
1600 

4300 1.0 
3500 1 .8 

3.4 
2.7 
2.6 
3.0 

2600 .6 
2600 1 .4 3.75 

1.075 0.783 & 0.075 0.060 1700 2.2 0.15 1 0.04 

0.163 1700 
1400 
1200 

4.0 
4.0 
4.0 

1.07 40 

2.39 
1.78 1 0.75 0.38 

.65 .33 

.45 .23 

>5500 0.8 
>4500 
>2000 

0.125 3240 
2800 

>5500 1 0.8 
>4200 .6  

2.4 
2.6 

0.44 1 0.23 
.36 .19 

0.72 I 80 
.96 + 1.105 0.304 

0.125 4300 
3500 

1200 
950 
660 

~ 

0.57 ! 0.32 
.50 .28 

4.8 
4.8 

5.0 
5.0 
5.0 

0.040 0.8 
4000 3000 1 :; 
>2000 

;:E I 
2.00 

1.22 0.09 
1.14 i .09 
1.07 . 08 

1.243 0.656 7- 0.050 

-~ 
0.125 

1740 
1350 
940 

3150 
2450 
1900 

~ 

7.8 
7.8 
5.3 

>6000 0.8 
>4200 
>2000 1 0.623 

0.772 

>3500 0.8 
>2800 
>2000 

5.8 
5.7 
5.4 

4.1 
4.1 

5.6 

0.68 0.29 

.62 .26 

0.61 0.30 
.55 .26 

0.125 4100 
3300 

>5500 

0.8 

2.00 
2.56 

0.83 
I 

0.250 4250 

2300 
1700 
1200 

__ 0.84 I 0.41 

4.2 
3.8 
3.7 

0.68 0.28 
.70 1 .29 
.64 .27 

0.125 

0.700 

0.8 
>3000 
>zoo0 

3000 
2500 

5000 I 0.8 
>3600 .6 

a0.57 
.53 

0.58 1 0.24 
.49 .20 

2.50 1 60 
3.20 

0.772 1 0.505 0.062 3600 
2950 
~ 

5.7 
6.3 

~ 

1.45 1 110 
.97 

0.72 0.31 
.64 I .27 

>5000 
>3000 

1 7  



TABLE 111. - O R I G I N A L  DATA FOR SUMMARIZED RESULTS OF TABLE I1 

[AV, = -50 v f o r  a l l  runs.  1 

1 

250C -625 

3700 
3500 
3400 
4500 
3000 
2800 
2700 

~ 

Accel- 
e r a t o r  
poten- 
t i a l ,  

VA 9 

v 
~ 

-1600 
-1200 
-1080 
-1040 
-1000 
-2340 
-1600 
-1500 
-1470 
-3000 
-2400 
-2250 
-2100 

-1750 
-1500 
-1375 
-1313 
-1250 
-3000 
-2860 
-2730 

~ 

~ 

Axial 
lagne t 1 
i e l d  i 
creen,  
gauss 

B e l l  j a r  
, ressure ,  

IIIJI! Hg 

bli s s i  OI 
x r r e n t  

JE' 
amp 

Beam 
u r r e n t ,  

JB 
amp 

R = m T J  V I  i " 
~ 

1 4000 
3000 
2700 
2600 
2500 
3500 
2400 
2250 
2200 
2000 
1600 
1500 
1400 

7000 
6000 
5500 
5250 
5000 
4500 
4300 

~ 

1 . 7 8 ~ 1 0 - ~  1 ---- 
1.45 1 . 4  
1 .85  1 .35  
3.0 ~ 1 . 3  
5.0 1 . 3  
2 . 4  ' 1 . 3  
2.05 
2.3 

_ _ _ _  _ _ _ _  

2. 6x10-5 
2 .4  
2.6 

I 
3 . 1  
3 . 1  
2.3 

0 .71  

1 
. 6  

1 
1 
1 

.4 

0.8 

. 6  

1.1 

1 
1.0 

490 1 470 

470 
I 470 1 

4.2 
2.6 
1.72 
1.97 
4.7 

2 . 0 2 ~ 1 0 - ~  
2.05 
2 .30  
3 .00  
5.40 
2.68 
2.83 
3.50 
6 .60  

1 . 2  
1 . 2  _ _ _ _  2 .2  

2.2 1 
2 . 2  

2 1 . 2 0  
1.29 
1 . 3 0  
1 . 3 1  
1 .31  
1 . 3 1  
1 .35  
1 . 3 2  
1 .48  

3.  O X ~ O - ~  
3 . 3  
3 . 3  

1.11 
1 . 1 8  
1 .19  
1.20 
1.20 
1 . 2 0  
1 . 2 2  
1 . 2 1  
1 .39  

35 

V 
~ 

35 

I 

j .  

I 
35 

I 

I 

I 

I 
'I 

~ 

35 

I 

I r 35 

3 . 4  
3 . 4  
3 .5  
3.7 
3.7 
3 .6  1 

4100 
4000 -2660 
I 

0.88~10-3  
. 8 1  
.77 

--__ 
1.1 
1 . 2  
1.1 
1 . 2  
1 . 3  
1.1 
1 . 2  
1 . 3  _ - _ _  

1.2x10-" I 
1 .5 
1 . 4  
1 . 2  

_ _ _  
390 
430 
390 
430 
470 
390 
430 
470 _ _ _  
__- _ _ _  
430 
510 
510 
510 

0.8 

. 6  1 
1 

. 4  

0.9 
1.0 

. 9  
1.1 
1 . 2  
1.0 
1.1 
1.2  

200c 
180C 
170C 
1600 
3600 
180C 
1500 
1400 
130C 
2000 
1200 
1100 
1000 

900 

-500 
-450 
-425 
-400 

-2400 
-1200 
-1000 

-933 
-867 

-3000 
-1800 
-1650 
-1500 
-1350 

1.07 
3.30 
1.00 

.73 

.72 
1.37 
2.56 
1 . 0 2  
.86 
.83 

1 . 2 0  
3.10 

1 . 3  _ _ _  
1 . 2  
1.1 
1 . 3  
1.1 

1 . 3  
_ _ _  1 
2 .0  1 _ _ _  __-  1 
2 .7 

2 . 4 ~ 1 0 - ~  
3.6 
4 . 0  
3 .6  

1 

1 

_ _ _ _  
---- I 
1 .2  ~ 

1 .2  1 

1 . 2  I 

_ _ _ _  _ _ _ _  

1 . 2  
__i 

_ _ _ _  
1 . 2  
1 . 4  
1.4 
1 .4  

5000 
3800 
3700 
3500 
3400 
4500 
3000 
2800 
2600 
2000 
1900 
1800 
1600 

-1250 
-950 
-925 
-875 
-850 

-3000 
-2000 
-1875 
-1730 
-3000 
-2850 
-2700 
-2400 

I. 25 x ~ O - ~  
1.05 
1 . 4 2  

1.35 1 430 
470 1 470 
430 

1 470 

430 1 470 

-__ 

I 4;; 
470 

I 450 

0.8 

1 
1 

.6 

.4 

1 . 3 0  1 . 2  
1.30 1 .2  1 
1 . 2 0  1.1 
1 . 3 0  I 1 .2  

3 .63  
~ 1 4 .91  

2.10 2 .3  1 

3 . 0  I 
3.0 I 

2 .5 
2.3 
2.4 

3 .6  

_ _ _ _  
1 .30  
1 .30  

1.25 
1.30 
1.25 
1.30 

__-_ 

_ _ _ _  
1 .2  
1 . 2  

1.1 
1.1 
1.1 
1.1 

_ _ _ _  I.U, 

' 3 .42  
1 .87  ' 2.14 I 3 .63  I 12.80  3 .6  1 470 

5000 
3000 
2500 
2400 

-1250 
-750 
-625 
-600 
-550 

-2660 
-2000 
-1330 
-1270 
-1200 
-3000 
-2250 
-2050 
-1800 

5 ~ 0 . 9 9 ~ 1 0 - 3  
.82  

1 . 1 2  1 . 0 2  
1.49 , 1 .38  

3 . 2 ~ 1 0 - ~  1 

1 

3 . 0  1 
4 

398 
537 
587 
625 
666 
407 
470 
576 
550 
620 
437 
507 
555 
593 

0. 

~ 

1 . 0 1  
1.88 
5 . 3 0  
1.55 
1 . 1 3  
1.17 
1 . 5 3  
3 .60  
1.73 
1.58 
1.48 
3.85 

1.59 I 1 .48  
1 . 6 9  1 .55  
1 .79  1.70 
1.15 I 1.00 
1.32 1 . 2 0  1 
1.49 i 1 . 3 1  

1 . 5 1  
1 . 6 2  

-1375 
-950 
-925 
-875 
-850 

-3000 
-2000 
-1870 
-1800 

2 . 0 4 ~ 1 0 - ~  
1.85 
2.23 
4 .20  
9.20 
2 .70  
2.40 
3.05 
4.20 

4 . 3 ~ 1 0 - ~  1 
4 .0 

4.2 
4 . 1  

4 .1  I 

3.6 

350 
450 
462 
474 
518 
35 2 
442 
470 
506 

0.125 1.00 
1.25 
1.28 
1 . 3 1  
1 .42  
1 .02  
1 .23  
1.30 
1 .39  

0.92 
1 . 1 9  
1.20 
1 .25  
1 . 4 0  

.95 
1.17 
1 .22  
1.27 

0.8 

J. 
. 6  

1 
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TABLE 111. - Continued. O R I G I N A L  DATA FOR SUMMARIZED RESULTS OF TABLE I1 

[hvI = -50 v for a l l  r u n s . ]  

! 

V 

~ 

4node 
i o t e n  
H a l ,  
V I  

V 

Anode 
u r r e n t  
JI 3 
amp 

E m i  s s i  or 
c u r r e n t ,  

JE 
amp 

Xschargr 
chamber 

ev/ ion 
energy, 

Acce le ra to r  
c u r r e n t ,  

amp 
JAJ 

Axial  
nagne ti  ( 
Field ai 
%ereen ,  
gauss  

B e l l  J a r  
i r e s s u r e ,  

Hg 

R a t i o  of 
net  t o  t o t a l  
s c c e l e r a t i o n  

v o l t a g e ,  
V I  

Accel-  
e r a t o r  
poten-  
t i a l ,  

VA 3 
v 

Beam 
: u r r e n t  

amp 
JB 

5000 
4000 
3750 
3000 
3500 
3000 
2700 
2300 
2700 
2400 
2250 
1800 
2000 
1600 
1400 
1200 

I 
-875 
-750 
-675 
-575 

-1800 
-1600 
-1500 
-1200 
-3000 
-2400 
-2100 
-1800 

2 . 4 ~ 1 0 - ~  
4.3 
7 .4  

26.3 
3 .4  
8 . 4  

1 3 . 0  
26 .0  

3.0 
5.5 

3.3 
3 .4  
3.5 
3 . 6  
2.8 
3 . 1  
3.2 
3.4 
3.2 
3.4 
3 . 4  
3.5 
3.5 
3.7 
3.6 
3.5 

3 .3  
3 .4  
3.5 
3.6 
2.8 
3 . 1  
3 .2  
3.4 
3 .2  
3 .4  
3 . 4  
3 .5  
3.5 
3 .7  
3.6 
3.5 

2 . 4 x 1 0 - ~  
4.3 
4.3 
4.4 
3 .3  
3 .2  
3 .3  

1 
3.8 
3.6 
3.8 
3.6 

"i .8 

'I .4 

1 

2150 
2230 
2285 
2350 
1820 
2030 
2085 
2230 
2085 
2230 
2230 
2285 
2285 
2420 
2350 
2285 

8.2 
22.5 

3 . 1  

1 5.5  
10.0 
20.1 

6 0 . 0 ~ 1 0 - 3  

2 . 6 ~ 1 0 - ~  
4.4 
7.8 

12 .3  
3 . 0  
2 .2  
6 .0 

26.8 
2.6 
5 . 3  
6.7 

16.8 
3.0 
2.8 

11.2 
17.4 

5 . 9 x 1 0 - ~  
6 .4  

10.4 
32.0 

1600 

4000 
3500 
3200 
3000 
3500 
3000 
2500 
2000 
2400 
1950 
1800 
1700 
1700 
1600 
1200 
1100 

- 2.2 15 0.62 1480 1000 

i 
-875 
-750 
-625 
-500 

-1600 
-1300 
-1200 
-1132 
-2550 
-2400 
-1800 
-1650 

2.3 

1.1 
1 . 2  
1 . 2  
1 . 2  

2 .0  
2 .3  
1 .8  
1 . 9  
1 . 9  
1 . 6  
1 . 6  
1 . 4  
1 . 4  
1 . 3  
1 . 3  

---- 

--- 
3 . 4 ~ 1 0 - ~  
3.4 
3.5 
3 . 5  
2 . 7  

I 
2.6 
2.6 
2.6 
3 .0  
3.2 
3 . 0  
3 .0  

2 . 2 ~ 1 0 - 5  
2 .2  
2 .2  
2 . 1  

3 "i .8 

680 
750 
750 
750 

1280 
1484 
1150 
1220 
1220 
1020 
1020 

880 
880 
820 
820 

---- 

11 1.0 

1 ---- 
2.0 
2.4 
1 .8  
1 .9  
1 . 9  
1.6 
1 .6  
1 . 2  
1 . 3  
1 . 2  
1 . 2  

0.9 
.8 

1.1 
1 . 3  

1 
2000 
1500 
1200 

800  

-500 
-375 
-300 
-200 

1.1 

1 . 3  
1.5 

.95  
0.8 637 

544 
763 
887 

35 

5500 
3000 
2000 
1500 
1300 
4500 
2000 
1500 
1200 
2000 
1500 
1250 

900 

5500 
3500 
3300 
3200 
3000 
4200 
3000 
2800 
2700 

7000 
5000 
4500 
4100 
3700 
4500 
4000 
3500 
3200 
3000 

- 

~ 

- 

1.39 
1 .82  
2.38 
2.68 
3.0 
1 . 2 2  
1 . 9 2  
2 .31  
2 . 4  
1.55 
1 . 8 1  
1 . 8 1  
2 .41  

3: 

I 
O - 1  .6 

447 
609 
763 
923 

1060 
413 
655 
7 94 
845 
503 
617 
6 25 
850 

2 . 2 ~ 1 0 - 3  
1.95 
2.3 
3 . 8  

11.0 
3.8 
3 . 0  
2 .9  
5 .6  
4.3 
3.9 
4.0 
8.3 

1 . 2 4 ~ 1 0 - ~  
.89 
.98 

1.83 
8 . 1  
1.6 
1 . 2 1  
1.37 

30.0 

2 . 1 5 ~ 1 0 - ~  
1 . 3 1  
1.33 
3.5 

10.0 
2.0 
1.73 
1.78 
3.5 
8 .2  

-1375 
-750 
-500 
-375 
-325 

-3000 
-1325 
-1000 

-800 
-3000 
-2250 
-1975 
-1350 

-1375 
-875 
-825 
-800 
-750 

-2800 
-2000 
-1 900 
-1800 

-1750 
-1250 
-1125 
-1025 

-920 
-3000 
-2660 
-2330 
-2120 
-2000 

1.62 
2.15 
2.78 
3.15 
3.59 
1 .5  
2.3 
2.75 
2 . 9 1  
1 .85  
2 .2  
2 .2  
2.99 

1 . 2  
1 . 3  
1.35 
1.35 
1 . 5 5  
1 . 3  
1.35 
1.4 
1 .35  

1.11 
1.35 
1.35 
1 . 4 1  
1.59 
1 . 3  
1 .39  
1 . 5 0  
1.52 
1.59 

J. 
. 4  

1 . 2  
1 . 3  
1.35 
1 . 4  
1 .55  
1 . 3  
1.35 
1 . 4  
2 . 0  

35 0.8 430 
470 
490 
490 
490 
470 
490 
510  
4 90 

.6  

j .  
35 4. 8 ~ 1 0 - 5  

1 
0.8 

I 
1.11 
1.38 
1.39 
1 .43  
1 . 5 9  
1 . 3 4  
1 .40  
1 . 5 0  
1.55 
1 . 6  

3 90 
48 2 
490 
513 
577 
470 
502 
542 
548 
586 

I 

c 
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TABLE 111. - Concluded. ORIGINAL DATA FOR SUMMARIZED RESULTS OF TABLE I1 

[AV, = -50 v for a l l  r u n s . ]  

I 

Run 

I 

,node 
loten 
L a l ,  
VI 1 

V 

Accel. 
e ra to i  
poten. 
t ia l ,  

VA 9 

V 

Beam 
:ur ren t  

JB 9 

amp 

k c e l e r a t o  
c u r r e n t ,  

JA 9 

amp 

Anode 
u r r e n t ,  
JI 1 

amp 

Axial 
iagne t i 
' l e l d  a 
c reen ,  
gauss 

B e l l  j a r  
sressure, 

Hg 

Rat io  of 
e t  t o  t o t a  
c c e l e r a t i o  
vol tage ,  

V I  
=- 

lscharge 
3harnber 
Energy, 
ev/ion 

4000 
2000 
1500 
1000 

900 
3000 
1500 

850 
750 

2000 
1000 

700 
600 

-1000 
-500 
-375 
-250 
-225 

-2000 
-1000 

-570 
-500 

-3000 
-1500 
-1050 

-900 

0 . 8 2 ~ 1 0 - 3  
.60 
.59 

2 . 3  
4 . 1  
1 .35  

.79 
1 . 3  

3 .13  
4.3 
4 .8  
6 . 6  
5.9  
2.9 
4 . 0  
5 .2  
5 .9  
3 .1  
4 . 1  
5.05 
5 .5  

2.90 
4.11 
4.55 
6.55 
5 . 8  
2.8 
4.0 
5.25 
5 . 9  
3.05 
4 . 1  
5 .1  
5 . 5  

5 .0~10-5  3800 
5320 
5320 
8200 
9320 
3570 
4950 
6450 
7320 
3820 
5070 
62f10 
6825 

0.8 
I 

. 6  

2.55 
1 . 5  

.85 

.85 
1 . 9  

. 4  

5000 
2000 
1800 
1700 
1600 
4200 
1600 
1300 
1100 
2000 
1400 
1000 
800 

3500 
3200 
3000 
2800 
2800 
2500 
2400 
2000 
2000 
1700 
1500 

4500 
4000 
3700 
3500 
3500 
2900 
2700 
2500 

~ 

- 

-1200 
-500 
-450 
-425 
-400 

-2800 
-1070 

-870 
-730 

-3000 
-2100 
-1500 
-1200 

-875 
-800 
-750 
-700 

-1870 
-1670 
-1600 
-1330 
-3000 
-2550 
-2250 

-1125 
-1000 
-925 
-875 

-2330 
-1940 
-1800 
-1660 

__ 

- 

1 . 1 3 ~ 1 0 - ~  
1 .05  
1 .12  
1 .64  
2.25 

4.0 
6.2 
6.2 
6.7 
6.7 
3 . 3  
6 . 3  
6 .8  
8 . 2  
4 .8  
5.8 
6.8 
7 .8  

3.4 
6 .2  
6 . 1  
6 . 6  
6 . 6  
3 . 2  
6 . 3  
6.8 
8 . 4  
4 .8  
5 .7  
6 . 8  
8 . 0  

7 .  8x1OT5 3950 
6150 
6150 
6650 
6650 
3250 
6250 
6750 
8150 
4750 
5750 
6750 
7750 

. 6  

I 
! 

. 4  
1 

5 . 3  

I 1.40  
1.40 
3.50 

1 . 6 5 ~ 1 0 - ~  
1 . 9 3  
3.6 

-0.2 
2.24 

1 . 9 3  
2 . 1  
2.15 
2.41 
1 . 9 3  
2.05 
2.05 
2.90 
1 . 9 3  
2 . 1  
2.39 

1.54 
1 . 7 1  
1 . 7 1  
2 . 0  
1 . 5 2  
1 .65  
1 .65  
2.39 
1 .54  
1 . 6 9  
1.92 

5 .  8 ~ 1 0 - ~  
5.7 
5 . 8  
5.8 
5.7 

721 
790 
810 
913 
721 
730 
730 

1110 
721 
7 90 
906 

. 6  

i 
.4 
. 4  
.4 

I 
5.4  
5.4 
5 .4  

0.125 I 0.250 

I 

2. 5x10-3 
3 .2  
5.7 
9.7 
3.2 
2.02 

1 . 7 1  
1 . 9  
1 .95  
2 . 1  
1 .79  
1 .69  
1 .79  
2 .21  

4 .1  
4.65 
4.95 
4 .7  
5.15 

1.68 
2.28 
2.35 
2.53 
1.80 
2.30 
2.32 
2.45 
1.87 
2.17 
2.30 
2.45 

__ 

~ 

4. 1x10-5 635 
710 
7 30 
7 90 
667 
627 
667 
834 

770 
880 
940 
890 
980 

1 .34  
1 . 5 3  
1 . 6  
1 . 7 1  
1 . 4  
5 . 3  
8 . 6  

25 .3  

3.25 
3.7 
4 .0  
3.8 
4 .2  

1 .38  
1.97 
1 . 9 0  
2.27 
1 .50  
1 .80  
1 .95  
2.15 
1.53 
1 . 8 0  
1.95 
2.08 

I 
3 . 9  
4 . 1  2.15 

2.62 

2 .1~10-3  
2.0 
2 . 1  
2 . 1  
5 .2  

1.37 x ~ O - ~  
1.27 
1 .90  
7.40 
1 .70  
1 .64  
1 . 7 7  
3.85 
2.00 
1 .94  
2.08 
4.10 

4 . 1  

5 . 8  x ~ O - ~  

1 
6000 
5000 
4500 
4300 
4000 

-1500 
-1250 
-1125 
-1075 
-1000 

0.8 

j. 
4 . 4 ~ 1 0 - ~  
4 .0  
4.0 
4 . 3  
4.0 
3.8 
3.6 
3 .6  
3 .6  
3.7 
3 .6  
3.7 

623 
863 
890 
962 
670 
870 
878 
929 
698 
819 
870 
930 

4500 
2400 
2200 
2000 
3000 
2000 
1700 
1600 
2000 
1400 
1200 
1100 

-1125 
-600 
-550 
-500 

-2000 
-1335 
-1135 
-1070 
-3000 
-1950 
-1800 
-1650 

I 
.4 

11 

- 
12 

5000 
4200 
3000 
2500 
3600 
3000 
2700 
2400 

5000 
4000 
3750 
3600 
3500 
3000 
3900 
3300 
3000 
2850 
2700 

~ 

-1250 
-1050 

-750 
-625 

-2400 
-2000 
-1800 
-1600 

-1250 
-1000 
-940 
-900 
-875 
-750 

-2600 
-2200 
-2000 
-1 900 
-1800 

__ 

. 7 . 3 0 ~ 1 0 - ~  
!5.00 
:9.00 
i1.00 

10.90 
12.00 
12.50 
12.30 
10.90 
11.30 
11.50 
12.10 

8.30 
9.50 
9.80 
9.70 
8.30 
8 .80  
8.90 
9.50 

0.8 7 28 
807 
843 
828 
728 
758 
773 
815 

.0.71x10" 
.60 
.52 
.45 
.62 
.53 
.51 
.47 

2. 6X10-5 
2 .8  
7 .0  
6 .8  
7 .0  
7 . 8  
6 . 6  
6.4 
5.9 
6 . 2  
6.4 

. 6  

0. 43x10-3 0.85 
. 9  
.99 

1 .05  
1 . 0 3  
1 . 3 2  

.9 

.95 
1.0 
1 . 0  
1 .19  

0.88 
.88 

1.05 
1.15 
1 .15  
1 .48  

.99 
1 .01  
1 .08  
1.1 
1.35 

0.8 686 
726 
7 98 
846 
830 

1065 
726 
766 
806 
806 
959 

1 .05  
.95 

1 .12  
1 . 5  
4.6 

aTank pressure .  
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'S 

Figure 1. - Cutaway sketch of 10-centimeter-diameter electron-bombardment thrustor. 
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(e) Slotted grids (grid set 7). 

A 

- /  t .  

Figure 2 .  - Details of screen and accelerator grids. (All dimensions in em.) 
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rVacuum tank w a l l  

,- Target support 

y o .  0 1 3 - h - d - i m .  
’ tantalum w i r e s  

25-cm d i m .  

Figure 4. - Thrust t a rge t  i n s t a l l a t i o n  i n  vacuum tank. 
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Approx. 50-volt drop 
between plasma and s c r e e n 7  , ,-Acceleration 

I 

+3000 

ri 
cd 
Ti 
-P 

-P 
0 

Pi 

$ 

0 -  

-1000 

-VI 

- 

- 

- 

r D e c e l e r a t i o n  

1 

Distance --c 

Thrustor she l l -  S c r e e n 7  Accelerator  

Ions 

I iFilament Ions 

- - - - Ground r e t u r n  meter - 
Figure 5. - Schematic e l e c t r i c a l  diagram and p o t e n t i a l  p r o f i l e  of i on  t h r u s t o r  wi th  

an electron-bombardment ion  source. 
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( a )  10-Centimeter-diameter i o n  source using number 10 g r i d s .  Ion beam curren t ,  0.125 ampere. 

Figure 6 .  - Typical  d a t a  of a c c e l e r a t o r  impingement cur ren ts  p l o t t e d  a g a i n s t  anode p o t e n t i a l .  
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- Grid Bevel angle, __ 
se t  deg 

0 1 33 
0 2 45 
V 3 33 Reversed 
0 4 45 Reversed 

-_ ~ 

- 
Solid Ref .  5 

.E 

.6 

. 4  

.2 

Ratio of cen ter l ine  g r i d  p l a t e  separa- 
t i o n  t o  hole diameter 

Figure 7. - Fract ion of Chi ld 's  l a w  
current  passing through beveled 
screen-accelerator gr ids  of 10- 
centimeter-d-iameter th rus tor .  

I I 
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(a) Before t e s t i n g .  

(b)  After run 5 ( b ) .  ( c )  After run 5 ( c )  of 45 min- 
utes  of high impingement. 

Figure 8. - Upstream face  of molybdenum accelerator  gr id  used i n  run 5. 
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- 
i 

w 
3 

Tt  I 
0 

I 

I 
0 Temperature a t  center of 

- screen g r id  - 
0 Temperature 4 cm from center 

- Open Beam current ,  J B ,  0.125 amp - 
Beam current, JB, 0.250 amp Solid 

Time, min 

Figure 9. - Heating curves for two thermocouple locations on screen gr id  
f o r  b e m  currents of 0.125 and 0.250 ampere. 
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Figure 10. - Steady-state accelerator-grid temperature plotted as a func- 
tion of accelerator impingement current. 

.o-3 

30 



2.2~10-3 

2. c 

1.8 

1.6 

1.4 

1.2 

1. c 

. e  

. E  

.4 

.- 
.L 

Figure 11. - Thrust t a r g e t  de f l ec t ion  as a funct ion of t h r u s t o r  output 
parameter. 
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